Epigenetic marks are likely to explain variability of response to antigen in granulomatous lung disease. The objective of this study was to identify DNA methylation and gene expression changes associated with chronic beryllium disease (CBD) and sarcoidosis in lung cells obtained by BAL. BAL cells from CBD (n = 8), berylliumsensitized (n = 8), sarcoidosis (n = 8), and additional progressive sarcoidosis (n = 9) and remitting (n = 15) sarcoidosis were profiled on the Illumina 450k methylation and Affymetrix/Agilent gene expression microarrays. Statistical analyses were performed to identify DNA methylation and gene expression changes associated with CBD, sarcoidosis, and disease progression in sarcoidosis. DNA methylation array findings were validated by pyrosequencing. We identified 52,860 significant (P , 0.005 and q , 0.05) CpGs associated with CBD; 2,726 CpGs near 1,944 unique genes have greater than 25% methylation change. A total of 69% of differentially methylated genes are significantly (q , 0.05) differentially expressed in CBD, with many canonical inverse relationships of methylation and expression in genes critical to T-helper cell type 1 differentiation, chemokines and their receptors, and other genes involved in immunity. Testing of these CBD-associated CpGs in sarcoidosis reveals that methylation changes only approach significance, but are methylated in the same direction, suggesting similarities between the two diseases with more heterogeneity in sarcoidosis that limits power with the current sample size. Analysis of progressive versus remitting sarcoidosis identified 15,215 CpGs (P , 0.005 and q , 0.05), but only 801 of them have greater than 5% methylation change, demonstrating that DNA methylation marks of disease progression changes are more subtle. Our study highlights the significance of epigenetic marks in lung immune response in granulomatous lung disease.
Granulomatous diseases, including those of known etiology, such as chronic beryllium disease (CBD), and unknown etiology, such as sarcoidosis, affect people of both genders and all ages and races (1, 2) . It has been estimated that over 1 million individuals have been exposed to beryllium (3) . Of those exposed, 2-20% will develop the precursor to disease, beryllium sensitization (BeS) and are an at-risk population, as 50-100% of them will develop CBD (4) . Similarly, sarcoidosis affects at least 45-300/100,000 individuals in the United States, and the mortality rate is rising (5) . Individuals with sarcoidosis are usually diagnosed between the ages of 20 and 50 and experience a significantly decreased productivity and quality of life (6) . These diseases share many clinical, radiographic, pathologic, and immunologic similarities (7) .
In these immune-mediated lung diseases, exposure to antigen (beryllium for CBD and unknown for sarcoidosis) results in an antigen-specific T-helper cell type (Th) 1 immune response and subsequent granulomatous inflammation, in some cases resulting in fibrosis and end-stage disease. Genetic factors play a role in the host response to antigen. The immune response to beryllium is strongly associated with a functional human leukocyte antigen (HLA) class II variant, a glutamic acid at amino acid position 69 in HLA-DPB1 (E69) (8, 9) . Studies by our group and others have shown that the majority of beryllium (Be)-responsive CD4 1 T cells respond to a beryllium antigen (Be-Ag) presented by these E69 variants, that the E69 variants impact cell proliferation and cytokine production, and are critical in CBD pathogenesis (9, 10) . Genetic risk factors for sarcoidosis are less well known, although HLA and other genomic loci are associated with disease risk (11, 12) and disease severity (13) . However, genetic risk factors do not fully explain CBD and sarcoidosis susceptibility or clinical variability, strongly implicating the environment and gene 3 environment interactions, including epigenetic mechanisms.
Epigenetic alterations in combination with genetic susceptibility may provide a crucial link between exposure and disease risk. Several lines of evidence support the notion that epigenetics will play a role in CBD and sarcoidosis. Differentiation of naive CD4
1 T cells into Th1, Th2, Th17, and T regulatory lineages, critical in CBD and sarcoidosis, is regulated by DNA methylation and histone modifications (14) (15) (16) (17) (18) (19) (20) (21) (22) . Moreover, other immune-mediated diseases implicate epigenetic regulation of immune function and immunopathogenesis. Furthermore, genes that are important in epigenetic regulation, including HDAC and other histone-and chromatinmodifying genes, are associated with sarcoidosis (23) . Finally, sarcoidosis has a variable disease course, with some individuals progressing to fibrotic lung disease and others demonstrating disease remission. Another fibrotic lung disease, idiopathic pulmonary fibrosis, is associated with extensive DNA methylation and gene expression differences in lung tissue (24) , suggesting that this is likely going to be the case for progressive forms of sarcoidosis. However, no studies to date have examined DNA methylation or histone modifications in either CBD or sarcoidosis. In this study, we profiled genome-wide DNA methylation changes in BAL from subjects with CBD, sarcoidosis, and BeS. We identified a large number of DNA methylation changes associated with CBD that also appear to affect gene expression. DNA methylation levels in sarcoidosis were present, albeit less pronounced and more variable than in CBD.
Methods

Study Population
Our primary study population consisted of cases of CBD (n = 8), beryllium sensitization with no disease (BeS, n = 8), and sarcoidosis (n = 8). Study subjects were recruited at National Jewish Health using standard case criteria under an approved Institutional Review Board protocol to collect leftover cells from either a clinical or research bronchoscopy (HS-2458). The second population consisted of an additional 24 cases of sarcoidosis (n = 24), including 9 cases with progressive and 15 with remitting pulmonary disease. Inclusion and exclusion criteria are specified in the data supplement.
Genome-Wide DNA Methylation and mRNA Expression Assessment
To measure methylation at approximately 485,000 single CpG sites across the genome, we used Illumina's Infinium Human Methylation 450k BeadChip on bisulfitetreated samples, as previously reported (25) . Genome-wide expression was determined for the first batch of RNA samples (eight subjects with CBD, eight subjects with sarcoidosis, and eight subjects with BeS) using the Human U133 Plus 2.0 Array (Affymetrix). The second batch of additional 24 sarcoidosis samples was profiled on the Agilent G3 SurePrint 8 3 60 human gene expression one-color microarray platform. For additional details, see the data supplement.
Pyrosequencing
Bisulfite-converted DNA was PCR amplified using primers designed in the Pyromark Assay Design Software (Qiagen), using PCR and sequencing primers listed in Table E1 in the data supplement.
Data Quality Controls
We performed several quality control steps that are standard in the analysis of Illumina 450k array data, as previously published (26) . We removed probes with high detection P values, probes with fewer than three beads in at least 10% of the samples, and probes with known SNPs within the CpG motif (27) . We removed one sample more than 3 SDs away from the mean of the top three principal components in the first batch of samples ( Figure E1A ) and two in the second batch of samples ( Figure E1B ). There were no outliers on principal component analysis (PCA) in expression datasets, and we therefore did not remove any samples from further analysis. DNA methylation and gene expression datasets have been deposited to the Gene Expression Omnibus (accession number in progress GSE110780).
Statistical Analysis of DNA Methylation and Gene Expression Data
All statistical analyses of microarray data were performed in the Partek Genomics
Clinical Relevance
Granulomatous diseases, including chronic beryllium disease (CBD) and sarcoidosis, are characterized by a highly variable response to environmental antigen, beryllium in CBD, and unknown in sarcoidosis. Genetic risk factors do not fully explain disease susceptibility or clinical variability, strongly implicating the environment and gene 3 environment interactions, including epigenetic mechanisms. Our study identified DNA methylation changes associated with CBD and sarcoidosis that are also related to changes in gene expression in lung cells obtained by BAL. Importantly, this is the first study of its kind in CBD and sarcoidosis, and it highlights the significance of epigenetic marks in lung immune response in these environmental lung diseases. DNA methylation changes in CBD are prominent, whereas those in sarcoidosis are more subtle and variable, with the variability likely due to disease heterogeneity and/or inciting antigen. Our study adds to the growing body of evidence supporting the notion that CBD and sarcoidosis are similar at the molecular level.
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Suite. Data from the methylation array were normalized using the Subset-quantile within Array Normalization method (SWAN) (28) , and the normalized M values were used in downstream statistical analyses due to the more normal distribution ( Figure E2 ), whereas b values, on the scale of 0-100%, are used for tables and figures, because these values are easier to interpret biologically. Differences between groups are reported as percent methylation changes using b values. Gene expression arrays were normalized using quantile normalization and expression levels log2 transformed before the analysis.
PCA was also used to examine technical variables (scan date, array, and position on the array) that may confound statistical analysis and need to be adjusted for as "batch effects" ( Figure E1 ). Mixedeffects linear models were run to identify differentially methylated CpGs or differentially expressed genes among disease groups, while adjusting for the effect of position on the array (methylation) or scan date (expression) as a random effect. Statistical significance was assessed by calculating false discovery rate (FDR)-adjusted P values from linear model P values using the method of Benjamini and Hochberg (29) .
Pathway and Network Analysis
We used the Network Analyst tool to generate the protein-protein interactomes and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment within the interactomes (30) . We used Ingenuity Pathway Analysis (IPA) (31) to identify enriched pathways and upstream regulators.
Results
Genome-Wide Methylation Profiling Demonstrates Enrichment of Immune Genes and Pathways in CBD
We first analyzed Illumina 450k DNA methylation data in our primary cohort (eight CBD, eight BeS, and eight sarcoidosis) to identify DNA methylation changes associated with either CBD or sarcoidosis compared to BeS. Because there were no significant differences in demographics and cigarette smoking among the three groups (Table 1) , we did not adjust for these covariates in our analysis. Based on PCA ( Figure E1A ), we adjusted for the array position (as a random effect) in the mixedeffects linear model. This analysis revealed extensive, genome-wide significant DNA methylation changes in CBD (52,860 CpGs with nominal P , 0.005 and FDR-adjusted q , 0.05; Figure 1A ; Tables 2 and 3 ), but not in sarcoidosis. Of the 52,860 CBDassociated CpGs, 36,816 are near 11,553 unique genes, suggesting substantial genomic alterations in DNA methylation in CBD compared with BeS. Focusing on the largest methylation changes among these, 3,654 CpGs have an absolute change greater than 25%; 2,726 of them are near 1,944 unique genes (Table E2) . Although all significant CpGs are enriched for hypomethylation, those with greater than 25% absolute change have a similar number of hypo-and hypermethylated CpGs ( Table 2) . We validated select genes by pyrosequencing for technical validation of these findings ( Figure E3 ). Given that five out of eight subjects with CBD were treated with immunosuppressants, we examined the effect of treatment on 2,726 CpGs by adjusting for treatment in the statistical model. Treatment with immunosuppressants had no notable impact on CBD-associated DNA methylation; all CpGs remained significant (q , 0.05) after adjustment for treatment. This is not surprising, given previous work showing no effect of steroid treatment on cytokine production and proliferation in CBD (32, 33) . We also explored the impact of proportion of lymphocytes in the BAL on these findings by running an additional analysis of 2,726 CpGs, adjusting for lymphocyte percentage in the statistical model. After adjustment for lymphocyte counts, 786 CpGs (29%) remained significant at q less than 0.05, and an additional 965 CpGs (35%) at nominal P less than 0.05 (Table E3) . We also considered adjustment for percent alveolar macrophages, but this is the same analysis statistically, because lymphocytes and macrophages add up to greater than 97% in each subject (few other cells are detected in the BAL).
Network analysis of 1,944 genes with CBD-associated methylation changes greater than 25%, using the STRING interactome data, shows hypomethylation of immune and proliferation genes, such as the transcription factor STAT1, and kinases JAK1, PIK3CD, PTK2, CSK, and SYK ( Figure 1B) . Similarly, KEGG enrichment analysis of the pathways in the first-order network ( Figure E4 ) shows enrichment of immune pathways, including cytokine-cytokine receptor interactions, T cell receptor signaling, chemokine signaling, and Jak-STAT signaling (Table 3) . Pathways related to cancer are also enriched, likely due to large numbers of cell proliferation genes in cancer pathways, as well as FcgR-mediated phagocytosis, potentially related to antigenprocessing and presentation genes. Enrichment of pathways involved in immune response, especially T cells, and proliferation among hypomethylated genes were also observed by IPA ( Figure E5 ). No significant KEGG pathway enrichment was observed in hypermethylated genes in the network, and IPA showed some enrichment in pathways related to vitamin D and peroxisome proliferator-activated receptors (PPARs) signaling among hypermethylated genes, although significance of enrichment was much weaker than in hypomethylated genes ( Figure E5 ). Taken together, these data demonstrate that genes and pathways known to be important in CBD appear to be epigenetically regulated.
Gene Expression Changes Are Related to DNA Methylation Changes in CBD
To examine the effect of these DNA methylation changes on gene expression, we analyzed Affymetrix U133 Plus gene expression data in the same samples for the genes with CBD-associated methylation changes greater than 25%. A total of 1,334/1,944 (69%) differentially methylated genes are also significantly (q , 0.05) differentially expressed in CBD compared with BeS (Table E4 ). Plotting gene expression as a function of DNA methylation across all genes reveals canonical inverse relationships with large effect sizes in genes critical to Th1 cell differentiation (TBX21/TBET, IFNG), chemokines and their receptors (CCR5, CXCR6, CCL5), and other genes involved in immunity (LTA, IL26) ( Figure 1C ). However, we also observed noncanonical direct correlations of DNA methylation and gene expression in immune genes (CXCR4, CXCL10, CSTA, EOMES). These data suggest that, in general, CBD-associated epigenetic marks affect gene expression in BAL cells. Protein-protein interactome analysis of 1,944 genes with significant CBD-associated DNA methylation changes (q , 0.05, P , 0.005, and methylation change .25%). The zero-order interactome was created using NetworkAnalyst (57) and the STRING PPI dataset. The nodes are colored based on their methylation (green are hypomethylated, whereas red are hypermethylated). The sizes of nodes are proportional to their betweenness centrality values. (C) Methylation-expression plot for genes with CBD-associated DNA methylation changes with q , 0.05, P , 0.005; x-axis methylation difference is represented by the mean % methylation difference in CBD compared with BeS subjects; y-axis expression difference is represented by the mean fold change in CBD compared with subjects with BeS. The black solid circles represent hypomethylated genes that were associated with increased gene expression as well as some hypermethylated genes associated with decreased gene expression. The red solid circles represent methylation changes that were not associated with canonical gene expression differences.
ORIGINAL RESEARCH DNA Methylation Changes in Sarcoidosis Are Present, but Not Significant and Smaller in Magnitude than in CBD due to Disease Heterogeneity
We further explored the data to begin to understand why we were not able to identify genome-wide significant DNA methylation changes in sarcoidosis when compared with BeS. Testing of 2,726 CpGs (1,944 unique genes) that were associated with CBD (P , 0.005, q , 0.05, and methylation change .25%) reveals that the majority has methylation changes that are not statistically significant, but approach significance (q , 0.15) and are methylated in the same direction as CBD, but with a smaller magnitude of change (Table E2) . Closer examination of the PCA plot ( Figure  E1A ) and individual data points for some of the genes identified in CBD (Figure 2 ) suggests that there is more variability in DNA methylation and gene expression in sarcoidosis, and that this may be due to disease heterogeneity, such as disease progression versus remission. These data demonstrate that CBD and sarcoidosis have many similarities in DNA methylation, but that sarcoidosis is more heterogeneous. Given the heterogeneity that we observed in sarcoidosis in the original cohort, we performed genome-wide profiling on an additional 9 cases of progressive and 15 of remitting sarcoidosis (Table 4 ) with the goal of identifying DNA methylation and gene expression changes associated with disease progression. We first examined the 2,726 CpGs (1,944 unique genes) that are significant in CBD (P , 0.005, q , 0.05, and methylation change .25%), and determined that these are not significantly differentially methylated in progressive compared with remitting sarcoidosis (data not shown). We then performed genomewide analysis to seek novel candidate genes and pathways for disease progression in sarcoidosis. This analysis identified 15,215 CpGs with nominal P value less than 0.005 and FDR-adjusted q less than 0.05. Only 801/15,215 have greater than 5% methylation change in progressive compared with remitting disease, with 516 of them near 420 unique genes ( Figure 3A and Table  E5 ); 506/516 remain significant after adjustment for immunosuppressant treatment (Table E5 ). Differentially methylated and expressed genes in progressive compared with remitting sarcoidosis include genes with function in immunity (HLA, chemokines, MSMB, KIR3DL2), chromatin remodeling (HMGA1), transcription (ZDHHC2), and vitamin B6 metabolism (PDXK), ( Figure  3B ). These data demonstrate that DNA disease progression methylation changes are much more subtle and are associated with expression of genes in previously identified and novel molecular pathways.
Discussion
Our study identified DNA methylation changes associated with granulomatous lung diseases that are also related to changes in gene expression in lung cells obtained by BAL. Importantly, this is the first study of its kind in CBD and sarcoidosis, and highlights the significance of epigenetic marks in lung immune response in these environmental lung diseases. DNA methylation changes in CBD are prominent, whereas those in sarcoidosis are not statistically significant with the current sample size, and are more subtle and variable. This variability is likely due, at least in part, to disease heterogeneity, although we cannot exclude the possibility of a smaller magnitude of change in sarcoidosis due to lower percent lymphocytes in the BAL. Our study adds to the growing body of evidence supporting that notion that CBD and sarcoidosis are similar at the molecular level (7) . Some of the variability in sarcoidosis DNA methylation profiles can be attributed to heterogeneity in disease progression; however, it is also likely that multiple antigens are involved in sarcoidosis, and that variability in DNA methylation profiles is also driven by exposure to different antigens and/or antigen persistence, which appears to be the case in CBD.
Our analysis identified specific genes, networks, and pathways that are differentially methylated and expressed in CBD, and, to a lesser extent, in sarcoidosis. functional, as we previously found that genetic variants in CCR5 were associated with BAL lymphocytosis and even more severe disease (34) , although this will require future study. The role of Th17 cells in these diseases are implicated by our findings and other studies in sarcoidosis (35), although is not known in CBD.
Numerous studies have demonstrated a critical role for immune pathways, including cytokine-cytokine receptor interactions, T cell receptor signaling, and chemokine signaling, in both CBD and sarcoidosis (25, 36, 37) . More recently, Jak-STAT signaling has been identified as differentially expressed in both disease (7), and appears to be, at least in part, regulated by miRNAs (38) in sarcoidosis progression. On the other hand, hypermethylated and downregulated genes are enriched, albeit weakly, in pathways related to vitamin D and PPAR signaling. The role of vitamin D in lung disease is somewhat controversial, especially in immune-mediated diseases, such as asthma (39) . Vitamin D has been linked to sarcoidosis as an immunomodulating hormone that inhibits both antigen presentation by cells of the innate immune system and the cytokine release and proliferation of Th1 cells (40) . PPARs are a family of ligand-activated nuclear hormone receptors (i.e., PPARa, PPARg, and PPARd). There is sufficient evidence that the activation of these receptors induces antiinflammatory and immune-modulatory effects in the lung as well as in other tissues. PPARg deficiency in the lungs has been observed in the inflammatory diseases, such as asthma, fibrosis, and sarcoidosis. Alveolar macrophages from sarcoidosis are deficient in PPARg signaling (41) . Our data suggest that DNA hypermethylation may potentially contribute to downregulation of this pathway and, in turn, increase the inflammation. In aggregate, our data suggest that genes and pathways known to be important in granulomatous lung disease appear to be epigenetically regulated. Importantly, genes and pathways with no established link to CBD and sarcoidosis are also differentially methylated and expressed in our dataset. In addition to inverse relationships of DNA methylation and gene expression, our analysis also identified some direct correlations; these findings are in line with more recent views of the complexities of the epigenome, and will require further study to delineate (42) (43) (44) .
The major strengths of our study are: 1) this is the first study of its kind to integrate genome-wide assessment of DNA methylation and transcriptional changes in noninfectious granulomatous disease; and 2) this assessment was undertaken on immune cells obtained from the target organ, the lung. This is of special importance, given that many of the previous studies of DNA methylation in lung disease were conducted in peripheral blood (45, 46) . Additional strengths include the clinical data available with follow-up for over 2 years to ensure appropriate phenotyping, that the BeS did not develop CBD, and that the subjects with sarcoidosis were appropriately categorized as progressive versus remitting.
There are also several limitations to our study. First, our study was performed on a mixed population of immune cells. However, we were able to show that many disease-associated CpGs remain significant after adjustment for lymphocyte proportion in the BAL. It is also important to note that both DNA methylation changes that reflect reprogramming of specific cells (inherit methylation differences in specific cell populations) and those that are a result of changes in cell proportions or appearance of new cell populations in disease state are likely to be important in the disease process (47) . Future studies in granulomatous lung disease will require isolation of specific T cell populations (Th1, Th17, . Probes with statistically significant change q , 0.05 and methylation change .5% are highlighted in red. (B) Methylation-expression plot for genes with progressive sarcoidosis-associated DNA methylation changes with q , 0.05; x-axis methylation difference is represented by the mean % methylation difference in progressive compared with remitting sarcoidosis subjects; y-axis expression difference is represented by the mean fold change in progressive compared with remitting sarcoidosis subjects. The black solid circles represent hypomethylated genes that were associated with increased gene expression as well as some hypermethylated genes associated with decreased gene expression. The red solid circles represent methylation changes that were not associated with canonical gene expression differences.
ORIGINAL RESEARCH studies will need to incorporate multiple technologies to more thoroughly assess chromatin state at the identified loci. Finally, our association analysis is unable to distinguish between DNA methylation marks being the cause or consequence of disease; to overcome this problem, future studies in large cohorts will need to implement mediation and two-step Mendelian randomization (49) analyses to examine causality. If methylation marks are found to be causal, future work will also need to address the effect of genetics and exposures on the methylation marks to determine the source of these epigenetic changes. Despite these limitations, our study identified substantial and consistent alterations in the DNA methylome of lung immune cells that are associated with CBD and sarcoidosis, and with transcriptional changes in the same cells. These epigenetic signatures need to be further evaluated in larger cohorts for their potential as biomarkers, targets that may be altered with current therapies, and/or potential therapeutic targets. Previous work has shown that peripheral blood transcriptome reflects immune changes observed in the lung in CBD (7) and sarcoidosis (50) ; this work needs to be extended to DNA methylation as a potential biomarker of disease activity in the lung. DNA methylation marks are also a promising therapeutic target. DNA methyltransferase inhibitors have been approved for the treatment of myelodysplastic syndrome (51, 52) , and are in clinical trials for treatment of solid tumors (53, 54) . Although currently available DNA methyltransferase inhibitors lack specificity for gene(s) of interest, locusspecific therapies are currently being developed (55, 56) . n Author disclosures are available with the text of this article at www.atsjournals.org.
